Chronic hypobaric hypoxia during fetal and neonatal life induces neonatal pulmonary hypertension. Hypoxia and oxidative stress are driving this condition, which implies an increase generation of reactive oxygen species (ROS) and/or decreased antioxidant capacity. Melatonin has antioxidant properties that decrease oxidative stress and improves pulmonary vascular function when administered postnatally. However, the effects of an antenatal treatment with melatonin in the neonatal pulmonary function and oxidative status are unknown. Therefore, we hypothesized that an antenatal therapy with melatonin improves the pulmonary arterial pressure and antioxidant status in high altitude pulmonary hypertensive neonates. Twelve ewes were bred at high altitude (3600 m); 6 of them were used as a control group (vehicle 1.4% ethanol) and 6 as a melatonin treated group (10 mg d -1 melatonin in vehicle). Treatments were given once daily during the last third of gestation (100-150 days). Lambs were born and raised with their mothers until 12 days old, and neonatal pulmonary arterial pressure and resistance, plasma antioxidant capacity and the lung oxidative status were determined. Furthermore, we measured the pulmonary expression and activity for the antioxidant enzymes superoxide dismutase, catalase and glutathione peroxidase, and the oxidative stress markers 8-isoprostanes, 4HNE and nitrotyrosine. Finally, we assessed pulmonary pro-oxidant sources by the expression and function of NADPH oxidase, mitochondria and xanthine oxidase. Melatonin decreased the birth weight. However, melatonin enhanced the plasma antioxidant capacity and decreased the pulmonary antioxidant activity, associated with a diminished oxidative stress during postnatal life. Interestingly, melatonin also decreased ROS generation at the main pro-oxidant sources. Our findings suggest that antenatal administration of melatonin programs an enhanced antioxidant/pro-oxidant status, modulating ROS sources in the postnatal lung. bidity in both low and high-altitude conditions [5, 8, 9] . One of the
Introduction
More than 140 million people worldwide inhabit above 2500 m of altitude, a geographical condition that challenges pulmonary physiology under hypobaric hypoxia [1, 2] . The chronic exposure to hypoxia during pregnancy at high altitude induces important cardiovascular responses, with an increased placental and pulmonary vasoconstriction in the pregnant mother and her fetus, resulting in a intrauterine growth restricted neonate [3] [4] [5] . Furthermore, the postnatal pulmonary vasoconstriction derives in an enhanced cardiac afterload, with an elevated pulmonary arterial pressure and pathological pulmonary vascular and right ventricle remodelling [6, 7] . These changes are key features for pulmonary hypertension of the neonate (PHN), a condition considered a failure in the fetal to neonatal pulmonary vascular transition associated with high mortality and mor-causal mechanisms involved in the pathophysiology of PHN is oxidative stress, which implies an imbalance between an increased free radicals generation and/or decreased antioxidant capacity [10] . Hence, reactive oxygen species (ROS) excess is an important mediator of the hypoxic vascular constriction and endothelial dysfunction in the small pulmonary arteries [11] [12] [13] [14] . The major sources involved in the oxidative stress determination at the vascular level are the mitochondria, NADPH oxidase, xanthine oxidase, and uncoupled endothelial nitric oxide synthase (eNOS) [15] .
Hypoxia is likely to increase the generation of ROS by several means. During hypoxia, the mitochondrial electron uncoupling at complexes I and III of the electron transport chain, enhances the superoxide anion (O 2 • -) generation. As superoxide production depends on electron donation from reduced components of the mitochondrial electron transport chain (flavin in Complex I, QH· in Complex III) [12] , anything that shifts these components towards a reduced state would enhance O 2 •generation by accumulation of electrons upstream complex IV, thereby promoting superoxide formation with subsequent exit through an anion channel in the inner mitochondrial membrane [16] .
The net rate of superoxide or hydrogen peroxide generation depends on the substrates present and the antioxidant systems active in the matrix and cytosol. In muscle mitochondria, there are four sites that determine O 2 •generation, two in complex I and one each in complexes II and III. Specific suppressors of two sites have been identified, the outer ubiquinone-binding site in complex III (site IIIQo) and the site in complex I active during reverse electron transport (site IQ) [17] . These suppressors prevent superoxide/hydrogen peroxide production from a specific site without affecting oxidative phosphorylation, making them excellent tools to investigate the status of the sites in redox signaling. In addition, sites IIIQo and IQ have important roles in redox signaling (e.g. hypoxic signaling and ER-stress) and in causing oxidative damage in a variety of biological contexts [17, 18] .
Another enzymatic source of O 2 •are the NADPH oxidases (Noxs) family, which includes Nox1, Nox3, Nox4 and Nox5. Importantly, Noxs might be the main sources for the ROS generation in the vascular smooth muscle cells [19] , endothelial cells [20] and fibroblasts [21] . Accumulating evidence indicates that ROS derived from the Nox enzymes play an important role in the pulmonary vasoconstriction response to hypoxia, determining detrimental effects at vascular and cardiac level [15] . Another important source of O 2 •is xanthine oxidase (XO) in the vascular cells. XO catalyzes the last two steps of purine metabolism by sequential hydroxylation of hypoxanthine to produce xanthine and uric acid, a process where oxygen is reduced to O 2 • - [22] . The enzyme can exist in two forms (oxidase and dehydrogenase), differing mainly in their substrate specificity. Dehydrogenase preferably uses NAD + as electron acceptor, while oxidase only reduces the molecular oxygen. The oxidase-dehydrogenase conversion occurs by proteolytic cleavage or by oxidation of thiol groups associated with an oxidative environment at the cellular level, becoming reversible by the electron-donation of molecular oxygen, thereby producing hydrogen peroxide (H 2 O 2 ) and O 2 • - [23] .
A dominant mechanism of endothelial dysfunction associated with oxidative stress is the nitric oxide bioavailability diminution by O 2 •with the formation of peroxynitrite [24] . Reactive oxygen species may also uncouple eNOS due to oxidation of tetrahydrobiopterin (BH4) to dihydrobiopterin (BH2) [15] . Moreover, the oxidant tone favours sGC oxidation and increases the endogenous eNOS inhibitor, ADMA, particularly in hypoxic conditions [25] .
All of the above markedly reduce the function of the nitrergic vasodilatatory pathway in the utero-placental and pulmonary circulation [3, 15] . Considering that hypoxia and oxidative stress has been proved as determinants in the development of intrauterine growth restriction (IUGR) and PHN, several antioxidant treatments have been proposed in perinatal medicine [26] [27] [28] [29] , where melatonin has important beneficial properties compared with other antioxidants [13, [30] [31] [32] [33] . Its potent antioxidant properties are based on a direct scavenger action, the upregulation of antioxidant enzymes, and the ability to downregulate pro-oxidant enzymes [34] [35] [36] . Interestingly, neither the fetus nor the neonate are capable of producing endogenous melatonin [37, 38] . However, during gestation, the fetal blood melatonin comes from the mother as it freely crosses the placenta [38] .
Here, we propose an antenatal treatment with melatonin aiming to attenuate the oxidative stress occurrence in chronically hypoxic neonatal lambs. Therefore, we hypothesized that a maternal treatment with oral melatonin during the last third of gestation to pregnant ewes, improves vascular pulmonary function, enhances the antioxidant capacity, decreases ROS generation and diminishes oxidative stress in the lung of high-altitude pulmonary hypertensive lambs.
Materials and methods
All animal care, procedures and experimentation were approved by the Ethics Committee of the Faculty of Medicine, University of Chile (protocol CBA#0398 FMUCH), and were conducted in accordance with the ARRIVE guidelines and carried out in accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and associated guidelines, EU Directive 2010/63/EU for animal experiments, or the NIH Guide for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978).
Animals
Twelve ewes (Ovis aries) were bred, maintained and gave birth to 12 lambs under chronic hypobaric hypoxia (Putre, 3.600 m). The pregnant ewes received the same amount of alfalfa as percentage of their body weight. Six ewes conformed a control group (CN, 5 ml vehicle 1.4% ethanol) and 6 the melatonin treated group (MM, 10 mg d -1 melatonin in 5 ml ethanol 1.4%). Treatments were given to the pregnant ewes, daily at dusk (18:00 h, oral), in the last third of gestation (100-150 d), until delivery. We obtained blood samples at the end of gestation in the morning (10:00) and at night (22:00) from the pregnant ewes.
Lambs were born without attendance and were raised with their mothers in a group pen. Daily neonatal weight and biparietal diameter (BPD) were recorded from birth until 12 days old.
The pregnant ewes and the lambs with their mothers were maintained in a roofed shed, equivalent to shade illuminated under clear blue sky, which can get to 20,000 lx at midday. At that time of the year (June-July), the sky is clear almost every day, and daylight photoperiod is about 11 h day/13 h night. The International Center for Andean Studies (INCAS) is a much insulated place away from city lights, therefore animals were only exposed to daylight. For the experimental period, we took care of not turning on the lights near the animal facility during the night, except for the moment of plasma sampling where we used mild intensity flashlights.
In vivo experiments
All lambs were instrumented at 2 days old for daily hemodynamic monitoring as described previously [13, [39] [40] [41] . Briefly, lambs were anaesthetized with a ketamine-xylazine association (10/0.04 mg/kg I.M.) and a Swan-Ganz catheter was placed in the pulmonary artery [13, [39] [40] [41] . The animals recovered and the proximal end of the cathether was kept in a scarf attached to the animal's neck. At 3, 7 and 12 days of age, we assessed pulmonary arterial pressure (PAP), cardiac output (CO) and pulmonary vascular resistance (PVR) in both groups of lambs, recorded by a data acquisition system (Powerlab 8/30, ADInstruments). At 12 days postnatal, lambs underwent euthanasia with an overdose of sodium thiopentone (100 mg/kg, slow I.V. infusion), and pulmonary tissue samples from the medial lobe of the right lung were frozen and kept in liquid nitrogen [42] .
In vitro experiments

Melatonin plasma levels
Maternal blood samples were taken at the end of gestation (147-149 days of gestation). Furthermore, neonatal blood samples were obtained at 3, 7 and 12 days old. Blood was immediately mixed with EDTA (1 mg/ml) and centrifuged at 5000 ×g for 5 min to obtain plasma. Samples were obtained at 10:00 and 22:00 h to assess melatonin rhythmicity. Plasma levels of melatonin were determined by radio immunoassay as previously described [13, 42] , using melatonin antiserum (Guildhay Antisera Ltd., Guildford, Surrey, UK) and [O-methyl-3H]-labeled melatonin (85 Ci mmol/L; Amersham Biosciences AB, Uppsala, Sweden) as a tracer.
Total antioxidant capacity
Antioxidant status of the neonates was assessed by the ferric reducing ability of plasma (FRAP) at days 3, 7 and 12 of age. Due to the potential effects of plasma melatonin on the plasma reducing capacity, we determined FRAP at 10:00 and at 22:00 each day. Briefly, the FRAP solution was prepared by mixing 300 mM of acetate buffer (pH 3.6), 10 mM of 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ) solution, and 20 mM of FeCl 3 ·6H 2 O in a 10:1:1 ratio and by subsequent heating of the resultant mixture to 37°C. The reaction mixture was composed of 750 µl FRAP solution, 75 µl H 2 O and 25 µl of the sample and then incubated at 25°C in darkness for 30 min, and the absorbance was read at 593 nm. A standard curve ranging from 50 μM to 1.5 mM of FeSO 4 was prepared for the quantitative determination of FeSO 4 as mM Fe 2+ and FeSO 4 equivalents (eq) produced in the samples [43] . This method is based on the capacity of the plasma to reduce Fe 3+ to Fe 2+ by transferring an electron; this is interpreted as antioxidant capacity as, this is a mechanism used to stabilize a free radical. Fe 2+ is chelated by TPTZ (TPTZ-Fe( 2+ )) and the complex is colorimetrically detected. Results are expressed as Fe 2+ equivalent by interpolation and its disruption in the presence of chelating agents, measured in Fe 2+ concentration, often used to measure the antioxidant capacity of fluids.
Protein expression
Protein expression of SOD2, CAT, GPx1,VDAC, p47-phox, Xantine Oxidase and β-actin was determined in total lung lysates by immunoblot with specific antibodies (anti-Mn-SOD, Millipore, 06-984; anti-CAT, Abcam Laboratories, ab1877; anti-GPx1, Abcam Laboratories, ab22604; anti-VDAC, Millipore, AB10527; anti-p47-phox, Sigma Aldrich, SAB45028110; anti-Xantine oxidase, Abcam, ab125133 and anti-β-actin, AC-15, Thermo Fisher Scientific, MA1-91399, respectively) as described previously [13] . The signals obtained on immunoblot determinations were scanned and quantified by densitometric analysis with a chemoluminescence detection device (Odyssey Imaging System, Li-Cor Biosciences).
Antioxidant enzyme activities
Activity of antioxidant enzymes in lung tissue homogenate was measured using the Superoxide Dismutase (SOD) Activity Assay Kit (K335-100, Biovision), OxiSelect Catalase Activity Assay Kit (STA-341, Cell Biolabs Inc.) and the Glutathione Peroxidase Assay Kit (703102, Cayman Chemical Company, Ann Arbor, MI), according to the manufacturers' guidelines. Sample protein concentration was used for normalization purposes [44] .
Oxidative and nitrosative stress markers
The oxidative and nitrosative stress markers 4-HNE and NT, were also measured by Western blot with specific antibodies (anti-4-HNE, Abcam Laboratories ab46545; anti-NT, Millipore 05-233). Furthermore, 8-Isoprostanes concentration in lung homogenates was determined with a specific enzyme immunoassay (EIA) kit following manufacturer recommendations (Cayman Chemical, Ann Arbor, MI) [13] and uric acid was measured using the uric acid assay kit quantichron™ (DIUA-250) (BioAssay Systems, Hayward, CA 94545, USA).
Redox status in the lung
The redox status in lung tissue was assessed by a fluorometric method in order to measure oxidized (GSSG) and reduced glutathione (GSH). Lung tissue was homogenized on ice using a Polytron homogenizer. The solution used for homogenization consisted of 250 mM sucrose, 1 mM EDTA, 10 mM triethanolamine, adjusted to pH 7.8. The total homogenate was centrifuged at 4°C at 10,000 ×g for 30 min to separate cytosolic fraction and the pellet was resuspended in 0.6 M sorbitol, 50 mM Tris-HCl, pH 7.5 for the preparation of mitochondrial extracts. The o-phthalaldehyde (OPT) was used as a fluorescent reagent. This method assesses the reaction of GSH with OPT at pH 8 and of GSSG with OPT at pH 12; GSH can be complexed to N-ethylmaleimide to prevent interference of GSH with the measurement of GSSG [45] . The GSH⁄GSSG ratio was then calculated for total cytosolic fractions and for isolated mitochondria.
Pulmonary pro-oxidants sources in the lung
Mitochondrial extract was prepared from pulmonary tissue on ice using chilled buffers. Lung tissue from each sheep was homogenized individually in 25 volumes of a buffer composed of 70 mM sucrose, 210 mM mannitol, 5 mM HEPES, 1 mM EGTA and 0.5% (w/v) fatty acid-free BSA, pH 7.2, at 4°C using a Teflon dounce homogenizer for 10 strokes. This homogenate was centrifuged at 1000 ×g for 10 min at 4°C and the supernatant was collected and centrifuged at 12,000 ×g for 10 min. Then the pellet was washed, centrifuged at 10,000 ×g for 10 min and resuspended in a buffer containing 70 mM sucrose, 210 mM mannitol and 5 mM HEPES, pH 7.2, at 4°C. This preparation was used immediately for assessing the mitochondrial superoxide production. The protein content was measured (Pierce BCA Protein Assay Kit, Thermo Scientific, Rockford, IL USA). Superoxide anion production was assessed by measuring the oxidation of 10 μM Dihydroethdium (DHE; 470Excitation/590Emission) for 10 min at 37°C with the mitochondria preparation (20-50 μg of protein). Mitochondria was assessed at State 1, a steady rate of respiration at basal condition under substrate starvation. This limits the O 2 •production by the addition of exogenous substrate that potentiates the complex activities and promotes their artifactual individual contribution to the mitochondrial oxidative status. In order to evidence the specificity of DHE for O 2 • -, a control incubating the samples with SOD 100 U/ml for 10 min was also carried out (data not shown) [46] . In the presence of SOD, the DHE oxidation was only 10-15%, indicating that under this experimental condition the oxidation of DHE induced by H 2 O 2 was marginal (raw data of the DHE oxidation is presented in Suplemmentary Fig. 1S ). The H 2 O 2 -independent DHE oxidation was calculated as URF DHE oxidation -URF DHE oxidation in the presence of SOD .
NADPH oxidase activity was determined based on the rate of NADPH consumption monitored at 340 nm at 37°C. The assay was performed on a solution containing 50 mM phosphate buffer, pH 7.0, 1 mM EDTA, 150 mM sucrose and tissue homogenate (2-10 μg of protein). The enzymatic reaction was initiated by adding 0.1 mM NADPH. NADPH activity was calculated as μmoles of NADPH oxidized/mg protein/min. Only a slight oxidation of NADPH could be detected in the presence of 100 μM apocynin, an inhibitor of NADPH oxidase (2.35 μmoles NADPH oxidized/mg protein/min) [46] .
Uric acid levels in the lung tissue were assessed using the uric acid assay kit from BioAssay Systems (Hayward, CA) as described by the manufacturer. Approximately 5 µl of supernatant were reacted with 200 µl of assay solution for 30 min at room temperature. Absorbance was read at 590 nm. A uric acid standard was prepared, and concentrations were calculated based on this standard [47] .
Statistical analyses
All data were expressed as means ± SEM. The Shapiro-Wilk test A. Gonzalez-Candia et al.
Redox Biology 22 (2019) 101128 was used to assess normality of data and results were compared statistically by a one-way ANOVA on ranks and Dunn´s test, or a Mann-Whitney test, as appropriate. In addition, to assess the association of the antenatal treatment with the neonatal effects, all neonatal variables were correlated with nocturnal maternal levels of melatonin, and analyzed by a Pearson test. Significant differences were accepted when P ≤ 0.05 (Prism 5.0; GraphPad Software).
Results
Maternal and neonatal melatonin in plasma
Melatonin plasma levels during the morning were similar between CN and MM groups in pregnant ewes. However, melatonin levels in ewes from the MM group were markedly increased at night-time, relative to CN group (Fig. 1A) . Furthermore, melatonin levels of neonates did not change either between day and night, or along postnatal life. Therefore, we plotted the melatonin levels in one graph (Fig. 1B) .
Neonatal birth weight and growth
Birth weight was significantly decreased in the melatonin treated group compared to CN (CN: 4.90 ± 0.44 vs MM: 3.45 ± 0.36 kg). Both groups of neonates increased their weight during postnatal life, while this difference was maintained ( Fig. 2A) .
Furthermore, birth biparietal diameter was decreased in MM realtive to CN. However, the intrauterine treated animals caught-up the BPD growth at one week old, compared to CN animals (Fig. 2B ).
Neonatal biometry and cardiopulmonary variables
Mean pulmonary arterial pressure (PAP), cardiac output (CO) and pulmonary artery vascular resistance (PVR) were similar between groups at 3, 7 and 12 days old. In addition, both groups of animals tended to decreased these variables with time, with a significant fall in PAP and CO at 12 days old (Table 1) .
Neonatal antioxidant capacity of plasma
FRAP (Fe 2+ ) levels showed a significant increase in the treated group (MM) relative to the control group, both during day and nighttime, along the postnatal period (Fig. 3) . The association between neonatal FRAP and nocturnal melatonin levels in the pregnant ewes did not show any significant correlation (data not shown).
Antioxidant enzymes function in the lung
The antioxidant enzymes were analyzed for their protein expression and activity in lung tissue. Protein expression of SOD2, CAT and GPX1 were similar between groups ( Fig. 4A-C) . However, melatonin treatment induced a marked decrease in the activity of SOD, CAT and GPX antioxidant enzymes in lung tissue relative to CN group (Fig. 4A-C) . The relationship between neonatal antioxidant enzymes function and nocturnal melatonin levels in the pregnant ewes did not show any significant correlation (data not shown).
Pulmonary oxidative stress
MM neonates showed a significant reduction in the oxidative stress marker, 4HNE (Fig. 5A ) and the nitrosative stress marker, NT (Fig. 5C ) relative to the control group. However, 8-isoprostanes showed similar levels in both groups (P = 0.1094; Fig. 5B ). The association between these oxidative stress markers and nocturnal melatonin levels in the pregnant ewes did not show any significant correlation (data not shown). 
Pulmonary reduced/oxidized glutathione
Melatonin markedly increased GSH at citoplasmatic (CN, 11.23 ± 2.71 vs. MM, 21.33 ± 3.23 uM) and mitochondrial (CN 33.25 ± 8.83 vs. MM 43.50 ± 7.72 uM) compartments. In addition, melatonin increased GSSG at cytoplasmatic level (CN 1.69 ± 0.08 vs. MM 2.24 ± 0.08 uM) without variations at mithocondrial level (CN 2.18 ± 0.75 vs, MM 2.36 ± 0.95 uM), relative to controls. Therefore, antenatal melatonin induced higher values of pulmonary GSH/GSSG ratio, both at cytoplasmic ( Fig. 6A ) and mitochondrial (Fig. 6B ) compartments. However, the association between pulmonary reduced/oxidized glutathione and maternal nocturnal melatonin levels did not show any significant correlation (data not shown).
Pulmonary pro-oxidants sources
The estimated mitochondrial population by the Voltage-dependent anion channels (VDAC) did not change between the analyzed groups. However, the mitochondrial O 2 •production from lung tissue (URF) showed a marked decrease in MM relative to CN (Fig. 7A ). In addition, the amount of total NADPH quantified as the expression of the p47phox subunit was similar between groups (Fig. 7B) ; however the activity of NADPH oxidase was decreased in the MM group when compared to the CN group (Fig. 7B) . Finally, the expression of xanthine oxidase did not change between analyzed groups (Fig. 7C) although uric acid, a marker of xanthine oxidase activity, decreased in the lung tissue of the animals treated with melatonin ( Fig. 7C) . Furthermore, the O 2 •generation from the three evaluated sources have a significant inverse correlation with melatonin ( Fig. 7) .
Discussion
The results of this study showed that maternal melatonin administration during the last third of gestation modulates the antioxidant capacity and pro-oxidant sources, leading to decreased oxidative stress in the newborn under chronic hypoxia. However, this treatment enhanced fetal growth restriction and did not have any clinical cardiopulmonary effect on postnatal life. Pregnancy at high altitude is associated with increased oxidative stress in the mother and the placenta, being of utmost importance for intrauterine fetal development, growth and programming [3, [48] [49] [50] . Although we did not measure maternal and fetal arterial PO 2 in these animals, we have shown previously that pregnant ewes and the IUGR fetal sheep at 3600 m are markedly hypoxemic relative to lowland animals [4] .
The administration regimen of melatonin at 10 mg/day to the pregnant ewe reinforces the plasma antioxidant capacity of newborns and decreased oxidative and nitrosative stress markers, measured even after 12 postnatal days without any treatment. This evidence supports that antenatal administration of melatonin regulates the postnatal REDOX status. In addition, these findings are consistent with the fact that antioxidants during development may program some postnatal cellular functions [49] [50] [51] . The main mechanisms by which melatonin may influence the REDOX status at prenatal and postnatal level, are the reinforcement of the antioxidant defense system [52] or the attenuation of ROS generation at the pro-oxidant sources. In our study, prenatal administration of melatonin did not change the expression of antioxidant enzymes SOD, GSH-Px and CAT, but it decreased the activity of these enzymes relative to the control group. Melatonin has a dual role of regulating nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) gene induction by acetylation and recruiting the basal transcriptional machinery to the promoter region of Nrf2-related genes, inducing the expression of antioxidant enzymes [52] [53] [54] . This could happen while melatonin was administered, however the oxidative stress detection was carried out at 2 weeks old. Therefore, we speculate that upon reaching the steady state of Nrf2 induction, the proteasomic degradation was enhanced during the postnatal days due to a drop in the prooxidant state at the cellular level, thereby decreasing the induction and expression of antioxidant enzymes [55] . Interestingly, melatonin induces the expression of antioxidant enzymes and decreased ROS production in previous studies with postnatal models [13, 56] ; however, these enzymes may became inactive due to the pro-oxidant transitory status of the cell [57, 58] .
On the other hand, the administration of melatonin achieved an increase GSH/GSSG ratio at cytosolic and mitochondrial levels. Such an effect may be explained by a melatonin-induced expression of the enzymes responsible for glutathione synthesis such as gamma glutamyl transpeptidase (γ-GGT) [59] [60] [61] or in the mechanisms of glutathione recycling by increasing the expression of the enzyme glutathione reductase (GSR) [61] . The latter mechanisms increase reduced glutathione bioavailability, which is responsible for the maintenance of the cellular redox state decreasing oxidative stress.
The most novel finding of this work is the long-lasting regulatory mechanisms exerted by melatonin on the main ROS sources at the pulmonary level involved in the pathophysiology of PHN. These sources are mitochondria, NADPH oxidases and xanthine oxidase [12] , which were similar in expression but markedly reduced their activities with the melatonin treatment. Chronic hypoxia determines an incomplete reduction process on the oxygen final acceptor at the mitochondrial electron transport chain [62] . It seems that ubisemiquinone (UQ) could be responsible for ROS generation both at complex I and III level [63] . As well as being able to generate O 2 •and H 2 O 2 , mitochondria are themselves susceptible to be damaged by these compounds [64] , therefore melatonin might be protecting the mitochondria. In fact, melatonin can be selectively taken up by mitochondria and acts as a powerful antioxidant, regulating the mitochondrial bioenergetic function, improving ATP synthesis and decreasing ROS formation [65, 66] . To the best of our knowledge, there are no studies that describe melatonin effects on pulmonary mitochondrial function. However, it has been recently shown that neuronal mitochondria are able to produce melatonin, which upon binding to its melatonin type 1 (MT1) receptor on the mitochondrial membrane inhibits cytochrome c release, caspase activation, and apoptosis [67] . Nevertheless, it seems that this protective effect is tissue specific, as melatonin drives ATP synthesis [65] and increases angiogenesis in gastric endothelial cells [68] . The latter effects of melatonin on mitochondria are not only protective against oxidative stress, but also seems that melatonin is regulating mitochondrial function. In our study the prenatal administration of melatonin effectively modulates the production of ROS by decreasing the amount of superoxide anion generated by the mitochondria, but maintaining the mitochondrial population measured by VDAC expression. The potential underlying mechanism is that melatonin, is able to diffuse towards the mitochondria and reacts with free radicals generated by the decoupling of the respiratory chain in the mitochondrial crest (scavenger) [64] . Furthermore, melatonin may induce at the mitochondrial level the increase of GSH [59] , therefore enhancing the mitochondrial antioxidant capacity. These effects were expressed in higher levels of GSH in both cytoplasmatic and mitochondrial samples, respect to control values. More interestingly, is the fact that this effect lasted in the lambs even after being born and raised without postnatal melatonin administration. Therefore, our study clearly supports melatonin as a mitochondria-targeted antioxidant, particularly relevant in diseases related with oxidative stress and mitochondrial dysfunction [69] . Further studies will need to address the mechanisms determining this mitochondrial regulation.
NADPH oxidase (Nox) is present at plasma membranes in endothelial cells, smooth muscle and fibroblasts, where it releases O 2 •that serves as a precursor for additional ROS, including hydrogen peroxide, hydroxyl radical, peroxynitrite and other oxidants [70] . This seems to be a main contribution to the pro-oxidant imbalance presented in pulmonary hypertension [17] . Recently, it has been shown that melatonin normalizes the increased Nox activity in the kidney of diabetic rats, accompanied by considerably lowered expression and diminished membrane distribution of the regulatory subunits, phospho-p47(phox) and p67(phox) [71] . Furthermore, it has been postulated that melatonin could impair the assembly of NADPH oxidase, by inhibiting the phosphorylation of the p47phox subunit via a PI3K/Aktdependent signaling pathway [72] . This blocks the translocation of p47phox and p67phox subunit to the membrane, down-regulates the binding of p47phox to gp91phox, and impairs the assembly of NADPH oxidase [70] . Therefore, melatonin has been shown to decrease NADPH activation and consequently ROS generation. These effects may result in cardioprotection against myocardial injuries induced by chronic hypoxia as shown in rats [73] . Similarly to our study, Yeung and colleagues found not only that Nox activity was decreased, but as well the levels of expression of the antioxidant enzymes SOD and CAT [73] .
Furthermore, xanthine oxidase is the enzyme that catalyzes the conversion of hypoxathine to xanthine and xanthine to uric acid with concomitant generation of anion superoxide [74] . Previous studies have shown that the expression of the xanthine oxidase enzyme is regulated by hypoxia, increasing its expression in the lung [75] . Melatonin treated newborns decreased uric acid concentration, suggests a reversal of this effect. As we did not have any difference in XO protein expression, we proposed that melatonin decreased xanthine oxidase activity, which was confirmed in this study. As far as the authors are aware, only one study has seen this effect on rat testis [76] , however no mechanism has been proposed by which melatonin can decrease XO activity, even in the long-term. Furthermore, a handful of studies have searched for the XO role during development in cardiovascular function [77, 78] , with impact in peripheral and central vascular function. However, further studies need to be done to precisely define the mechanisms determining the long lasting effects of melatonin on decreasing XO activity.
All of the neonatal findings are associated with an antenatal treatment, up to 2 weeks after birth. Therefore, antenatal melatonin must be programming the different determinants of the pulmonary redox status. Several studies have based the developmental programming on epigenetic changes, referring to DNA methylation, histone modification and RNA interference, among others as regulator of gene silencing or expression [79] . For instance, melatonin might inhibit DNA methyltransferases (DNMT) and histone deacetylase (HDAC) [80, 81] .
Until now, few studies have proposed the mechanisms under which melatonin may be programming future gene expression and vascular function under development. However, there are reports that maternal melatonin during pregnancy effectively protect the fetal development and birth. For example, in a continuous melatonin deficiency in a pregnant rat model, offspring developed intrauterine growth retardation, which was prevented by maternal melatonin treatment [82] . Similarly, maternal melatonin regulates fetal organogenesis and functions, such as adrenal gland, that are critical for the successful adaptation of the neonate to extra-uterine environment [83] . Furthermore, some studies show that both light/dark environmental cues [84] or melatonin treatment [85] turns on/off microRNA programs that control the REDOX state of cells after many complete proliferative cycles, favoring a longlasting cardioprotective state. In addition, melatonin treatment affects oocytes DNA methylation pattern, reversing the effects of oocyte aging [86] . Thus, although we did not find differential protein expression for the antioxidant enzymes, a recent study in lambs showed that melatonin decreased total DNA methylation of SOD1, GPx4 and CAT, favoring the antioxidant capacity [87] . The melatonininduced epigenetic regulation must be acting in the pulmonary The DOHaD concept offers the potential reprogramming strategy to shift the treatment from adulthood to early life, long before clinical disease appears. In fact, the developmental window of our melatonin intervention was effective for reprogramming the pulmonary redox status towards a diminished pro-oxidant activity.
This study supports our recently published data, where we showed that antenatal melatonin induce a further decrease in birth weight in these high-altitude sheep [42] . A novel study in knock-out mice may partially explain this issue, where a melatonin antenatal treatment was effective in increasing birth weight in IUGR wild-type mice, whereas it did not improve birth weight in nitric oxide synthase knockout (eNOS-/-) and the placental specific Igf2 knockout (P0 + /-) mice. We speculate then that the high-altitude sheep may have an NO or IGF2 impaired expression that prevented the melatonin effects on birth weight. Both of these knockout mice show placental complications, increased oxidative stress and IUGR [88] .
In this study, we give further evidence that melatonin might be considered for antenatal treatment in complicated pregnancies as it decreases oxidative stress, programming the future neonatal pulmonary oxidative tone. Consistent with our work, the long-term effects of antenatal melatonin has been recently described as neuroprotective, diminishing brain damage and neurodevelopmental impairments in a preterm and fetal brain injury models, presumably due to a decreased inflammation burst [89, 90] .
Chronic non-communicable diseases (NCDs) can originate from perinatal sub-optimal conditions, a concept known as developmental origins of health and disease (DOHaD). Several intrauterine conditions have been shown to program cellular and organ functions that augment the risk of developing NCDs, such as undernutrition, overnutrition, hypoxia and oxidative stress among others. This concept offers the "reprogramming" strategy to shift the treatment from adulthood to early life, before clinical disease is evident [48] . Antenatal melatonin treatment has been proposed as one of the strategies to revert intrauterine complications but as well, to reprogram the developing individual [91, 92] . Melatonin may act on developmental programming by reinforcement of the antioxidant capacity, NO function modulation and reversal of pathologic epigenetic modifications, offering possibilities of correcting gestational malprogramming. However, further research is needed to uncover the involved mechanisms, possible affected signaling pathways and clinical translation.
Conclusion
The night-time administration of melatonin during the last third of gestation in high-altitude ewes decreased the main pro-oxidant ROS sources at the cellular level, reducing oxidative stress and reinforcing the antioxidant status at the pulmonary level in newborns with PHN. Although some potential adverse effects of melatonin has been described in this model, we consider that the capacity of antenatal melatonin to modulate postnatal oxidative balance and further pulmonary function merits more research in this area. Our findings add a novel long-lasting ability of melatonin, supporting its use as a therapeutic agent for neonatal diseases that coexist with chronic hypoxia and oxidative stress, as proposed by some researchers.
